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This study investigated the feasibility of using calcined layered double hydroxides (CLDHs) to prevent
chloride-induced deterioration in reinforced concrete. CLDHs not only adsorbed chloride ions in aqueous
solution with a memory effect but also had a much higher binding capacity than the original layered
double hydroxides (LDHs) in the cement matrix. We investigated this adsorption in hardened cement
paste in batch cultures to determine adsorption isotherms. The measured and theoretical binding ca-
pacities (153 mg g1 and 257 mg g1, respectively) of the CLDHs were comparable to the theoretical
capacity of Friedel’s salt (2 mol mol1 or 121 mg g1), which belongs to the LDH family among
cementitious phases. We simulated chloride adsorption by CLDHs through the cement matrix using the
Fickian model and compared the simulation result to the X-ray ﬂuorescence (XRF) chlorine map. Based
on our results, it is proposed that the adsorption process is governed by the chloride transport through
the cement matrix; this process differs from that in an aqueous solution. X-ray diffraction (XRD) analysis
showed that the CLDH rebuilds the layered structure in a cementitious environment, thereby demon-
strating the feasibility of applying CLDHs to the cement and concrete industries.
Crown Copyright  2014 Published by Elsevier B.V. All rights reserved.1. Introduction
Steel embedded in concrete is normally protected by a passive
ﬁlm formed by a thin iron oxide layer on the steel surface, which
remains stable due to the high-alkaline environment of the
cement-based materials. Corrosion can initiate when this protec-
tive ﬁlm is depassivated by chloride attack in the salinedu, jmoon3081@gmail.com
evier B.V. All rights reserved.environment [1,2]. The corrosion of steel reinforcing bars due to
chloride attack usually affects reinforced concrete (RC) structures
exposed to de-icing salts, unwashed sea sand, or seawater, and may
cause the major deterioration of the structure [3]. To address this
issue, many protecting inhibitors against chloride attack have been
developed. They can be classiﬁed according to their application
methods: (1) added to fresh concrete as an admixture; and (2)
applied on the surface of hardened concrete or the steel reinforcing
bars [4]. Many materials, such as sodium nitrite and aminoalcohol,
have been used as admixed or surface-applied inhibitors against
corrosion in reinforced concrete [5,6]. Such inhibitors usually cover
the anodic or cathodic sites of the steel bars to prevent chloride
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effective chloride absorbent that works in the cementitious
environment.
Because of their high anion exchange capacities, there is an
increasing interest in the application of layered double hydroxides
(LDHs) to concrete. Hydrotalcite or LDH-like phases found in hy-
drated slag cement have been demonstrated to increase the
binding capacity of chloride ions [7,8]. Tatematsu and Sasaki [9]
admixed a hydrocalumite-like material to cement mixtures as a
salt adsorbent, and Raki et al. [10] demonstrated that LDH-like
materials admixed in concrete can control the release rate of
organic admixtures. Furthermore, several methods have been
developed to utilize LDH-like phases in the construction industry
[11e16], including hydrocalumite- or hydrotalcite-based admix-
tures to capture chloride and mortars containing hydrocalumite,
which is used to repair RC structures. The thermal decomposition
of Mg/AleCO3 LDH at around 500 C results in Mg/Al oxides that
increase the binding capacity of anions under the reconstruction of
hydrotalcite structures [17,18]. For this reason, calcined layered
double hydroxide (CLDH) has been employed as a chloride absor-
bent in aqueous solution [19,20], as expressed by the following
equation:
Mg1xAlxO1þx=2 þ x$Cl þ ðmþ 1þ x=2Þ
H2O/Mg1xAlxðOHÞ2Clx$mH2Oþ x$OH
(1)
Therefore, this CLDH may have the potential to be an effective
adsorbent for chloride ions in the cementmatrix. Although chloride
uptake by CLDH has been carefully investigated in aqueous solu-
tions, the investigation of its adsorption in cementitious materials
has not been studied in depth. For this reason, a detailed study of
the effect of the cementitious environment on chloride adsorption
by CLDH is necessary long overdue.
The primary objective of this study is to provide information to
assess the plausible use of CLDH to prevent chloride-induced
deterioration in RC structures. Therefore, the equilibrium and ki-
netics of chloride uptake by CLDH cast in cement pastes were
investigated to determine the adsorption isotherms for cementi-
tious systems. To understand the adsorption process in the cement
matrix, which might be different from that in aqueous solution
based on the adsorption rate and a Fickian diffusion model, the
chloride adsorption in the cement matrix was simulated and then
compared with an X-ray ﬂuorescence (XRF) map. Through the use
of X-ray diffraction (XRD) and scanning electron microscope (SEM),
the present study examined whether the cementitious system
inﬂuenced the structural reconstruction of LDH and its morphology
in a similar manner as when CLDH reforms their original layered
structure in aqueous solutions.
2. Literature review
2.1. Adsorption of chloride ions by cementitious phases
Chloride ions interact with cementitious phases in various ways,
at times causing phase transitions due to adsorption or ion ex-
change. The recent review study written by Glasser et al. [21]
showed that the binding mechanisms of chloride to the hydrated
phases of Portland cement can be mainly classiﬁed into two cate-
gories: (1) an interaction of chloride ions in the pore solution with
calcium silicate hydrate (CeSeH) [22e24]; and (2) a reaction be-
tween chloride ions and AFm phases [25,26]. Especially, the AFm
phases belong to the lamellar double hydroxide (LDH) large family,
and they serve as an important “sink” for chloride ions.
The AFm phase consists of a positively charged main layer
[Ca2Al(OH)6]þ and a negatively charged interlayer [X$nH2O] or 2where X can be either a monovalent or a divalent anion. Studies
suggest that Friedel’s salt formation is the result of chloride reacting
with the AFm phases [26e28]. The previously reported NMR study
indicates that dissolution/precipitation and ion exchanges are the
main mechanisms in the formation of Friedel’s salt by adsorbing
chloride ions [26]. In ion exchange, anions are released into the
pore solution due to chloride binding by the AFm phases.
½R X þ Cl4½R Cl þ X or 1
2
X2
where, R indicates the ion exchange sites. However, a chloro-sulfate
AFm phase, known as Kuzel’s salt, has also been identiﬁed [28e30].
Chloride readily displaces sulfate from calcium mono-
sulfoaluminate (SO4eAFm), which is in solid solutionwith hydroxyl
AFm, thus forming an intermediate compound Kuzel’s salt (Cl/SO4e
AFm) at low chloride concentration but Friedel’s salt (CleAFm) at
higher chloride concentration above molar ratio Cl/Al w 0.70
[28,30,31]. Sulfate ions released from calciummonosulfoaluminate,
form ettringite and this additional ettringite formation results in a
signiﬁcant increase in the molar volume of the solids.
Despite the complex chloride-binding phenomenon, various
assumptions and simpliﬁcations can be found in the literature
with regard to the description of chloride binding by AFm phases
[21,30,32]. At equilibrium and in saturated conditions, the most
common and simple way to describe chlorideematrix in-
teractions is to use an analytical formula, which is Langmuir’s or
Freundlich’s isotherm. The NernstePlanck/Poisson model was
developed to model the chloride ingress [33e38], and it can
include these analytical formulas to estimate the bound chloride
content during ionic transport through cement-based materials.
Tang and Nilsson have shown that Langmuir’s equation is more
appropriate within the low free chloride concentration range
(<0.05 mol L1) and that Freundlich’s equation offers a better
ﬁtting within the high free chloride concentration range
(>0.01 mol L1) [39]. Therefore, a combined isotherm was used to
predict coupled ion-moisture transport through cement-based
materials [32].
2.2. Pore structure and diffusivity of cement paste
Cement paste is a porousmaterial with a complex pore structure
and solution. Free chloride ions from saline environments dissolve
in this pore solution and move through the pore structure. A model
developed by Garboczi et al. determines ionic diffusivity of cement
pastes as a function of the pore structure. The following equation
was derived and ﬁtted to the data [40]:
Dt
D0
ðfÞ ¼ 0:001þ 0:07$f2 þ 1:8$Hðf 0:18Þ$ðf 0:18Þ2 (2)
where, Dt is a diffusion coefﬁcient at time t, D0 is a diffusion coef-
ﬁcient in free water, ɸ is the capillary porosity fraction, and H is the
Heaviside function.
Cement particles undergo random growth due to hydration
reactions, i.e., the pore structure’s inﬂuence on chloride diffu-
sivity varies with the degree of hydration of the cement paste.
Thus, based on Power’s model for ordinary Portland cement
pastes, the volume fraction of total [ɸ(a)] and water-ﬁlled [ɸw(a)]
capillary porosity and unhydrated cement [g(a)] is highly
dependent on the degree of hydration (a), and can be estimated
as follows [41]:
fðaÞ ¼ rcemðw=cÞ  fexp$a
1þ rcem$ðw=cÞ
(3)
Fig. 1. Mesh generation of cement matrix with inclusion of CLDH.
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rcemðw=cÞ 

fexp þ rcem$CS

a
1þ rcem$ðw=cÞ
(4)
gðaÞ ¼ 1 a
1þ rcem$ðw=cÞ
(5)
where (w/c) is the water-to-cement mass ratio, a is the degree of
hydration of the cement at time t, rcem is the speciﬁc gravity of
cement (here taken to be 3.2), fexp is the volumetric expansion
coefﬁcient for the solid cement hydration products relative to the
cement reacted (taken here to be 1.15 [41]), and CS is the chemical
shrinkage. Under saturated conditions, the chemical shrinkage is
assumed to be compensated for by the imbibition of external curing
water (CS ¼ 0) [42]. Thus, the total and water-ﬁlled porosities are
identical.
After veriﬁcation with experimental data, Bentz recently
developed a model to describe the hydration kinetics of Portland
cements based on spatial considerations [42]. In this model the
hydration rate has a ﬁrst-order dependence on both the volume
fractions of available water-ﬁlled porosity and unhydrated cement-
like bimolecular-type reactions. In terms of these phase fractions,
the hydration rate is expressed as:
va
vt
¼ k$fwðaÞ$gðaÞ (6)
where k is a rate constant. Substituting Equations (4) and (5), the
following analytical solution was obtained:
aðtÞ ¼ pfexp½Rð1 pÞt  1gfexp½Rð1 pÞt  pg (7)
with p ¼ rcem (w/c)/(fexp þ rcem CS) and R ¼ k(fexp þ rcem CS)/
[1 þ rcem (w/c)]2. The models presented above were employed
herein to simulate the chloride uptake from the cement paste in
order to obtain the ionic diffusion coefﬁcient at time t.
3. Chloride transport model in cement paste with the
inclusion of CLDH
This study aimed to simulate the effect of CLDH on the chloride
distribution over the cement matrix that initially contained uni-
form chloride contents. Chloride transport in the cementitious
system was modeled by a Fickian diffusion model [43]:
vC
vt
¼ V$ðDtVCÞ  rt (8)
where, C is the chloride concentration at time t, and rt is the
adsorption rate at time t. Most advanced modelsdsuch as the
electrochemical chloride removal (ECR) [44] and NernstePlanck/
Poisson model [33]dinclude electro-neutrality in the presence of
ionic charges, however here it is reasonable to use the Fickian
diffusion model to simulate the chloride transport in cement paste
inﬂuenced by CLDH. Ionic interactions have a minor effect on the
chloride diffusion process without externally applied voltage, with
the adsorption process being a dominant condition in the ionic
transport. Wang et al. [45] investigated the structure and dynamics
in the interlayer of ordered Mg/Al CleLDH ([Mg3Al(OH)8]Cl$3H2O)
with molecular dynamic simulation and far-infrared spectroscopy
(FIR) and observed that interlayer chloride motions are remarkably
similar to free chloride motions in aqueous solution due to the
similarity of the nearest-neighbor of the chloride in the interlayer
and the solution. Therefore, in the simulation reported herein, it is
assumed that adsorbed chloride ions are homogeneouslydistributed over the CLDH particle, reﬂecting the active movements
of chloride ions in the interlayer space.
Integrating Equations (2), (4), (5), and (7) allow for solving
Equation (8) using the ﬁnite element method (FEM) because of the
time variation in the diffusion coefﬁcient and the adsorption rate.
To derive the numerical model, the equation is applied to the
Galerkin method by using the virtual concentration (dC) over the
domain (U):
ðdCÞ vC
vt
¼ ðdCÞV$ðDtVCÞ  ðdCÞrt (9)
By applying the divergence theorem and the explicit scheme,
the numerical model is expressed as:
fCgtþDt ¼

½I  Dt
Dt
Z
U
½NT ½NdU
1Z
U
½BT ½BdU

fCgt

Z
U
½NTdU

rt (10)
where, [N] is a shape function, [B] is a derivative of the shape
function, and [I] is an identity matrix. The above model is now
applied to predict the uptake of chloride ions from cement paste
when a CLDH particle is placed on the center of an inﬁnite cement
matrix. As shown in Fig. 1, because the concentration gradients in
the cement matrix are highest near the cementeparticle interface,
a variable mesh density is used, whereby the density of the mesh
increases in the cement matrix near the interface. This is done to
increase accuracy and reduce computational time.
4. Experimental
4.1. Sample preparation
The Mg/Al LDH (PURAL MG 63 HT, Mg:Al ¼ 2.15:1) used for
preparing CLDH was supplied by the SASOL GmbH, Germany, and
CLDH was obtained by calcining the precursor LDH in a mufﬂe
furnace at 450 C for 3 h. The cement paste specimens were made
from ASTM Type I Portland cement, the composition of which is
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hibitor against chloride attack was 8.5% by the total mass of the
solid pre-calculated to absorb approximately 2% of chloride con-
tent, which reﬂected the boundary content of the concrete spec-
imen exposed to seawater for 2 years (see Ref. [46]). To assess the
effect of CLDH, control specimens of cement pastes that did not
contain CLDH were also prepared for every mix design. Compres-
sive strength results were obtained using a Baldwin Universal
testing machine. Chloride levels were managed by using 0.3, 0.6,
0.8, 1, and 3MNaCl solutions as mix water, obtaining homogeneous
chloride contents for all specimens (see Refs. [25,47,48]). A
solution-to-solid ratio of 0.4 was considered to be the benchmark.
For each mix, two cylindrical specimens (Ø 2.5 cm  2.5 cm)done
the control and the second the CLDH specimendwere cast and
steam-cured at 20 C for all test ages. Therefore, the numbers of
specimens were 20 and 24, respectively, for the equilibrium and
kinetic studies.
4.2. Equilibrium
The equilibrium isotherms were carried out by using different
chloride levels. All specimens were cured over 28 days, which is
acknowledged as not being the exact time required to reach perfect
equilibrium; however, this assumptionwas made because a 28-day
curing period has been commonly used as the standard to reach
equilibrium in hydration kinetics [49]. The ﬁnal concentration of
free chloride in the cement paste was determined by following
ASTM C 1218 [50]; therefore, pulverized samples were crushed
from the cement paste by using the dry-grinding technique and
measured for water-soluble chloride using a chloride meter for
concrete provided by DAE YOUNG WIRE Co., LTD. The duration of
extraction was 24 h, and, when we started the measurement, the
display of the chloride meter incremented and stopped at the value
of the chloride concentration that we used. The chloride loading for
CLDH specimen was calculated from the following equation:
qe ¼ ðC0  CeÞMm 
1000
100
 mg
% cement

(11)
where qe is the adsorption loading of CLDH at equilibrium (mg g1),
m is the mass of CLDH in each specimen (g), M is the total mass of
one specimen (g), and C0 and Ce (% cement) are the chloride con-
centrations of the control and cement-CLDH specimens, respec-
tively. Since the measured unit of chloride contents in the cement
paste is percentage by mass of cement (% cement), the total mass of
the specimens (M) was used instead of the volume of the solution,
which is the method commonly used in other equilibrium studies.
4.3. Kinetics
The kinetic study used 0.1, 0.3, and 0.6 M NaCl solutions as mix
water. Using an identical procedure as that outlined for the equi-
librium study, the chloride contents were measured at 1, 3, 7, and
28 days. Control specimens were also prepared and cured under
identical conditions. The measured specimens were subjected to
additional experiments using XRD, X-ray ﬂuorescence (XRF), and
SEM. Chloride uptake by CLDH was calculated using the following
equation:Table 1
Chemical composition of cement (mass fraction, %).
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI
20.2 5.2 5.5 62.2 1.0 0.7 0.2 4.1 1.5qt ¼ ðC0  CtÞMm 
1000
100
 mg
% cement

(12)
where qt is the adsorption loading of CLDH at time t (mg g1), m is
the mass of CLDH in each specimen (g), M is the total mass of one
specimen (g), and C0 and Ct (% cement) are the chloride concen-
trations of the control and experimental specimens at time t (days),
respectively.
CLDH (0.1 g) were dispersed in 20 mL of chloride solutions and
stirred in air for 6 days at room temperature in sealed tubes. Five
milliliters aliquots were extracted at selected time intervals and
ﬁltered. The chloride concentrations in the solutionwere measured
using a selective electrode for chloride ions. The chloride uptake by
the CLDH was calculated from the following equation:
qt ¼

Ca0  Cat
	
V
m
(13)
where V is the volume of solution (L), and C0a (mg L1) and
Ct
a (mg L1) are the initial concentration of chloride and that at time
t, respectively.
4.4. Measurement of hydration rate constant and compressive
strength
The LOI non-evaporable water content measurement was per-
formed according to the procedure described in Ref. [51]. The non-
evaporable water content of the 7-day specimen was obtained by
measuring the relative mass loss between 105 and 1000 C, and
then correcting for the LOI of the dry cement powder. A value of
0.25 g H2O g1 cementdthe non-evaporable water content for a
fully hydrated sampledwas calculated based on the Bogue equa-
tions and the chemical composition of the cement, as shown in
Table 1. The degree of hydration (a ¼ 0.59) was then estimated as
the ratio of the measured non-evaporable water content to the
amount for a fully hydrated specimen. The time, t ¼ 7 days, and the
degree of hydrationwere substituted into Equation (7) to obtain the
hydration rate constant (k ¼ 0.03 h1), which was used in further
simulations conducted in the present study.
4.5. Techniques
The XRD patterns of the samples were obtained using a PAN-
alytical X’Pert Pro diffractometer with a Cu Ka (l ¼ 1.54A) incident
radiation. The data were collected from 5 to 70. The composition
maps on the cement paste and admixed CLDH of the 7-day speci-
mens were obtained using Orbis Micro-XRF provided by EDAX. To
reduce the possibility of signiﬁcantly misrepresenting the chloride
distribution on the specimen, a relatively ﬂat area of the split
specimen was measured; no additional treatment on specimen,
such as polishing, was performed. To study the morphological
features of the powdered CLDH and reformed LDH included in the
cement paste, SEM was conducted using a CAMECA SX 100 and
gold-coated specimens.
5. Results and discussion
5.1. Equilibrium isotherm
Equilibrium isotherms, which are critical in optimizing the use
of adsorbents, were measured to study the chloride adsorption by
CLDH in a cement-based system. The correlation between equi-
librium data and isotherms led to developing a better model that
represents well the quantity and operation of adsorption system. In
the present study, the quantity of the chloride removals by CLDH in
S. Yoon et al. / Materials Chemistry and Physics 145 (2014) 376e386380cement paste (qe) were scattered against the chloride concentration
equilibrated in the control specimen (Ce) [see Fig. 2(a)]. Two gen-
eralepurpose equilibrium models were considered to ﬁt the
experimental data: (a) Langmuir’s [52] model, shown in Equation
(14), and (b) Freundlich’s [53] model, shown in Equation (15).
qe ¼ QbCe1þ bCe (14)
qe ¼ KFC1=ne (15)
where, Q and b are the Langmuir constants, KF and n are the
Freundlich constants, Ce is the chloride concentration equilibrated
in the cement paste (% chloride by weight of cement), and qe is the
adsorption loading at equilibrium (mg g1).
Fig. 2(a) shows that the Langmuir isotherm ﬁts the experimental
data more satisfactorily than the Freundlich isotherm does, sug-
gesting that the adsorption process takes place at speciﬁc homo-
geneous sites within LDH as assumed by the Langmuir equation.
The best-ﬁt Langmuir parameters are Q ¼ 153 mg g1 and
b ¼ 0.418% cement1. The evaluated chloride uptake in the cement
matrix (153 mg g1) is much less than the stoichiometric calcula-
tion (257 mg g1), implying that other anions in the cement paste
pore solution might be adsorbed into CLDH as well by competing
with chloride ions. Molecular Dynamics (MD) has recently been
applied to better understand ionic and moisture adsorption by
cementitious phases [54e56]. The chloride-binding capacity
observed in MD simulations decreases in the sequence Friedel’sFig. 2. (a) Equilibrium isotherms of the chloride removal by CLDH within the cement pa
Freundlich models by solid and dashed curves, respectively; (b) pseudo-ﬁrst-order kineti
experimental data obtained at 1, 3, 7, and 28 days were measured and ﬁtted to the kineticsalt > portlandite > ettringite > tobermorite [54]. The theoretical
amount of bound chloride by Friedel’s salt (CleAFm phase), which
has the highest binding capacity among cementitious phases, is
2.0 mol mol1 (121 mg g1). Recently, Hirao et al. reported
1.8 mol mol1 (or 109 mg g1) of chloride uptake by the AFm phase
at 5 mol L1 NaCl solution [30]. Since this experiment was per-
formed in a dilute solution not a cement matrix, the effective
binding capacity of AFm phases in the cement matrix can be less
because of the presence of other competitive anions in the pore
solutions of the cement matrices. Therefore, the measured and
theoretical binding capacities (153mg g1 and 257mg g1) of CLDH
in the cement matrix are comparable to those of the AFm phase.5.2. Adsorption kinetics and compressive strength
To determine the appropriate mechanism, kinetic models were
compared with the experimental data. The key features of the ki-
netic models used in the present study can be summarized as
follows:5.2.1. Pseudo ﬁrst-order kinetics model
The pseudo ﬁrst-order kinetics model suggested by Lagergren
[57] is given by the following linear equation:
ln ðqe  qtÞ ¼ ln qe  k1t (16)
where k1 is the rate constant of adsorption (days1), and qe and qt
are the amount of chloride adsorbed at equilibrium and at time tste at room temperature: experimental data (hollow) are ﬁtted to the Langmuir and
cs model; (c) pseudo-second-order kinetics model; and (d) Elovich equation model:
s models in (b), (c) and (d).
Fig. 3. Strength development of the cement paste with CLDH and without CLDH.
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line, and its slope is the rate constant, k1. Fig. 2(b) shows the ﬁtted
model compared to the experimental data.
5.2.2. Pseudo second-order kinetics model
The pseudo second-order model [58,59] also illustrates the ki-
netics of sorption in the solid/liquid systems. The linearly expressed
equation is as follows:
t
qt
¼ 1
k2q2e
þ 1
qe
t (17)
where, k2 (g mg1 days) is the rate constant of the pseudo second-
order kinetics. The rate constant can be calculated from the straight
line ﬁtted to the experimental data in Fig. 2(c).
5.2.3. Elovich equation
The adsorption data may also be analyzed using the Elovich
equation [60,61], whose linear form is:
qt ¼ 1
b
ln ðabÞ þ 1
b
ln t (18)
where, a is the initial sorption rate constant (mg g1 days), and b is
the desorption constant (g mg1). The constants can be obtained
from the slope and intercept of the plot of qt versus ln (t), as shown
in Fig. 2(d).
Fig. 2(b), (c), and (d) presents the results of ﬁtting the experi-
mental data to the pseudo ﬁrst-order, pseudo second-order, and
Elovich models. The ﬁgure demonstrates that the pseudo second-
order model is the most suitable in describing the absorption ki-
netics of chloride by CLDH admixed into the cement paste. Table 2
lists all of ﬁtted parameters for the pseudo second-order model.
According to the assumptions of the pseudo second-order kinetics
model, the chemical interaction between the chloride ions and
CLDH is responsible for the binding capacity of the CLDH. The rate
constant, k2, is shown in Table 2. The compressive strength evolu-
tion of the samples is presented in Fig. 3. CLDH slightly reduced the
compressive strengths of the cement paste during the early ages,
but the 28-day strengths are almost similar. Duan et al. reported the
long-term compressive strength of sulfoaluminate cement concrete
mixtures containing LDHs and CLDHs [62]. At 84 days, LDHs
showed improved compressive strength of approximately 5% and
CLDHs showed reduced compressive strength of 5% compared to
the reference sample. The long-term effects of CLDHs or LDHs on
compressive strength of cement-based materials, therefore, do not
appear to be signiﬁcant.
5.3. Adsorption process
The 7-day specimen prepared with 0.6 M NaCl solution and
CLDH was subjected to additional testing to explore the chemical
distributions in the middle of the adsorption process before an
equilibrium state is reached. The composition maps for Mg, Al, Si,
Cl, S, K, and Fe elements were determined by XRF in terms of oxide
weight percent over the selected region of the specimen. Based on
Mg, Al, and Si maps shown in Fig. 4, the Mg/Al ratio and the weightTable 2
Regression coefﬁcients (R2) and kinetic parameters for the pseudo second-order
kinetics model.
[Cl] of mix water (mol L1) R2 qe (mg g1) k2 (g mg1 days)
0.1 0.9988 4.3309 0.7355
0.3 0.9979 25.3796 0.0174
0.6 0.9559 51.6840 0.0045percent of SiO2 conﬁrm that the particle is CLDH, and that the outer
region surrounding the particle is cement paste (see Fig. 4). The Cl,
S, K, and Fe map (Fig. 4) shows that CLDH is remarkably effective in
adsorbing anions without adsorbing cations from the cement paste
pore solution. The Cl map reveals remarkable differences in the
chlorine content between CLDH and the cement matrix, indicating
that CLDH is an effective absorbent that prevents chloride-induced
deterioration in reinforced concrete. Although the weight percent
of SO3, which is the unit presented by micro-XRF, is higher than
that of Cl2O absorbed into the CLDH particle (see Fig. 4), the molar
percent of S and Cl is similar as the unit is converted from oxide
weight to molar percent. Because gypsumdone of the main in-
gredients of cementdis the source of sulfate, the high sulfate
content of the cement matrix means that the sulfate competes with
chloride to be adsorbed into CLDH.
A simulation of the process of chloride adsorption by CLDH in a
cementitious environment was conducted and is shown in Fig. 5(a),
(b), and (c). Fig. 5(d) shows the upper surface (three-dimensional)
plot of the chlorine distribution obtained from the XRF map over
the area of the microscopic image on the bottom plane. The
simulated chloride distribution of 7-day specimens in Fig. 5(c) is in
good agreement with the distribution measured with XRF in
Fig. 5(c). Interestingly, the chloride contents are rapidly removed in
the cement-matrix regions adjacent to the CLDH particle, and
subsequently, the regions inﬂuenced by CLDH expand to the outer
regions over time.
Because of the tortuous pore structure of the cement matrix, it is
difﬁcult for chloride ions to freely move in cement matrixdunlike
in the aqueous solutiondreﬂecting the low ionic diffusivity of
cement-based materials. For this reason, it takes a long time for
chloride ions to diffuse into the region inﬂuenced by CLDH parti-
cles. However, the rate change does not indicate a decrease or in-
crease in the total binding capacity of CLDHs because the
equilibrium constant of pore solutions is not affected by pore
structure. With low permeability, both chloride uptake by CLDHs
and chloride diffusion are slow. Therefore, the pore structures do
not signiﬁcantly affect the total content of bound chloride by
CLDHs. The limited ionic movement causes the region of the
cement matrix adjacent to the CLDH particle to have a lower
chloride content than its bulk region, slowing down the adsorption
rate. To thermodynamically compensate for the deﬁcient chloride
contents of adjacent regions, over the long-term chloride ions in
outer regions away from CLDH are slowly transported to the re-
gions adjacent to CLDH, thereby reducing the overall chloride
contents of the cement matrix.
Fig. 4. Microscopic image and X-ray ﬂuorescence maps showing distributions of elements (Mg, Al, Si, Cl, S, K, and Fe) by oxide weight percent.
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Fig. 5. Simulation of adsorption process of chloride ions at (a) 0 days, (b) 1 day, (c) 3 days, and (d) 7 days, and (e) Cl XRF map with microscopic image, and (f) comparison between
the measurements obtained from (e) and the prediction obtained from (d) in terms of the distance from the center of the CLDH particle.
S. Yoon et al. / Materials Chemistry and Physics 145 (2014) 376e386 383In aqueous solution, temperature is an important parameter in
the adsorption process. On the other hand, in the hydrated cement
matrix, a highly dominant parameter in the adsorption process is
its pore structure. Within the temperature range at which its pore
structure is intact, ions presented in its pore solution still have to go
through the pathway of the pore structure even though they are
more active at a higher temperature. Therefore, if the saturated
condition is kept in the hydrated cement matrix, the effect of
temperature on the adsorption rate in the hydrated cement matrix
might be less than in the aqueous solution. In contrast, relative
humidity (RH) controls the amount of liquid and gas phases in thepore structure. Lower RH means reduction in the proportion of the
liquid phase, and thus the pathway through which ions move be-
comes more tortuous because ions are able to move only through
the liquid phase of the pore structure. Therefore, RH will affect the
adsorption rate in the cement paste.
5.4. Comparison of adsorption process in cement paste and aqueous
solution
Following the experimental method mentioned in Section 4.3,
we also studied the kinetics of chloride uptake by CLDH in aqueous
S. Yoon et al. / Materials Chemistry and Physics 145 (2014) 376e386384solutions to compare it to that in cement paste. Fig. 6 shows the
comparison of adsorption kinetics in cement paste and aqueous
solution. The adsorption rate in the cement paste is much slower
than that in aqueous solution at the early stages of adsorption.
While the adsorption in solution reaches a plateau quickly, CLDH
continues to adsorb in the cement matrix. We attribute the slower
kinetics in the cement matrix to the rate-limiting diffusion process.
Thus we expect the adsorption rate to vary with the different pore
structure of the cementitious materials. The reconstructed LDHs
have a similar structure in both the cement paste and aqueous
solution, suggesting that the cementitious environment has no
effect on reforming the layer structure of the LDH.Fig. 7. Powder XRD patterns: (a) cement paste without CLDH; (b) cement paste with
CLDH; (c) Mg/AleCl LDH; and (d) raw CLDH.5.5. Structure and morphology
The XRD patterns of two cement pastes specimensdthe control
and CLDH-cement paste specimendare shown in Fig. 7(a) and (b).
When CLDH interacts with chloride ions in aqueous solution, the
layered structure reconstructs [like the latter feature shown in
Fig. 8 and its XRD pattern is shown in Fig. 7(c)]. The new peaks
shown in Fig. 7(b) appeared in identical positions of the Mg/AleCl
LDH in Fig. 7(c), indicating that the CLDH admixed in the cement
matrix also reconﬁgured itself with anions in the layered structure.
Fig. 8 shows the schematic illustration of the CLDH structure
reconstructed with intercalated anions. After LDH is calcined at
500 C, its layered structure disappears (identically to that shown
Fig. 8); its XRD pattern as raw CLDH is shown in Fig. 7(d). The XRD
patterns in Fig. 7 are evidence that the cementitious environment
does not have any effect on the reformed structure of CLDH.
The representative morphologies of the raw CLDH and the
reformed LDH by adsorbing anions in the cementitious environ-
ment are shown in Fig. 9. The raw CLDH in Fig. 9(a) has plate-like
particles with sharp edges, in addition to some particles that are
settled with well-deﬁned hexagonal shape but no deﬁned orien-
tation. After adsorbing anions from the cement matrix, the mate-
rials appear to be constituted of well-deﬁned lamellar shapes
stacked on top of each other. In addition, it can be seen from
Fig. 9(b) that the edges of the reformed LDH in the cement paste are
more irregular than those of the raw CLDH. In addition, their
crystalline sizes have increased compared to the smaller particles of
the raw CLDH. Clearly the growth of the crystal was not homoge-
neous for all particles.Fig. 6. The kinetics of uptake of chloride by CLDH in the cement paste and aqueous
solution.5.6. Application of CLDH to the cement and concrete industry
Sustainable development of concrete infrastructure is a major
challenge in today’s construction industry; the use of admixed or
supplementary materials is an integral component in addressing
this issue. The existence of LDH-like phases in cement matrix, such
as AFm phases, has been thought to improve the corrosion resis-
tance of the reinforced concrete structure by preventing chloride-
induced deterioration. The beneﬁcial effects of AFm phases on
adsorbing chloride fromhardened cement support the idea of using
CLDH in concrete as an effective chloride absorbent. Both surface-
applied and admixed methods can be employed for the use of
CLDH. In fact, Tatematsu and Sasaki [9] plastered the corrosion-
inhibiting paste admixed with hydrocalmitedone of LDHsdon
the surfaces ofw1-mm-thick reinforced steel bars. Thus CLDH can
be also applied in same fashion with hydrocalmite. Because lime-
stone undergoes heat treatment of over 500 C in the
manufacturing process of Portland cement, LDH can be trans-
formed to CLDH and admixed to cement powder if LDH goes
through the heat treatment simultaneously with the limestone.
There are a variety of ways to utilize CLDH in the construction in-
dustry. This study has demonstrated the effects of CLDH on chloride
uptake in a cement-based environment, suggesting that CLDH has
potential as a chloride absorbent in concrete.
6. Conclusion
An experiment study of the efﬁcacy of calcined layered double
hydroxide (CLDH) in reducing the chloride content in the cement
paste was conducted. The experimental data was ﬁtted using both
Langmuir and Freundlich equations to determine the equilibrium
isotherm. An evaluation of both models demonstrated that the
Langmuir model ﬁt the experimental results to a satisfactory de-
gree, indicating that all adsorption sites are equivalent. The kinetic
data were successfully ﬁtted using the pseudo second-order kinetic
Fig. 8. Schematic illustration of reforming layered structure of CLDH by adsorbing anions.
Fig. 9. SEM micrographs: (a) raw CLDH; and (b) reformed LDH in the cement paste.
S. Yoon et al. / Materials Chemistry and Physics 145 (2014) 376e386 385model. Based on the kinetic study and the Fickian diffusion model,
the adsorption process in the cement paste was simulated and
compared with a Cl map determined using XRF. The simulations
show that the chloride transport in a cement matrix governs the
adsorption rate, whereas chemisorption is the dominant process
for aqueous solutions. In addition, according to the XRD analysis
and SEM images, the CLDH admixed in the cement paste not only
reconstructed the layered structure with anions, but grew in an
irregular morphology. Based on the results of this study, the use of
CLHD in cementitious materials has extraordinary potential in
preventing the chloride-induced deterioration of the reinforced
concrete. Given the robust results presented herein, future work on
the application of CLDH in cementitious materials will proceed
rapidly, providing remarkable improvement in the durability of RC
structures exposed to saline environments. This study will
contribute fundamental information to these further research.
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